Previously, we found that expression by translational fusion of the polyhedrin (Polh)-green fluorescence protein (GFP) led to the formation of granular structures, and that these fluorescent granules were easily precipitated by high-speed centrifugation. Here, we developed an easy, fast, mass purification system using this baculovirus expression system (BES). An enhanced GFP (EGFP) fused with the Polh gene at the Nterminus, including a linker and enterokinase (EK) site between Polh and EGFP, was expressed in Sf9 cells. The cells infected by AcPolhEKA-EGFP produced fluorescent granules. The EGFP fusion protein was purified from granule-containing cells in three steps: cell harvest, sonication, and EK digestion. Through final enterokinase digestion, EGFP presented mainly in the supernatant, and this supernatant fraction also showed a pure EGFP band. These results suggest that a combined procedure of Polh fusion expression and enterokinase digestion can be used for rapid and easy purification of other proteins.
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Key words: polyhedrin fusion; granulation; enhanced GFP (EGFP); baculovirus expression system; easy purification system Baculovirus expression systems (BESs) are used extensively to produce a variety of recombinant proteins. [1] [2] [3] [4] Current BESs are greatly improved to overcome low recombination frequency, 3) enhance efficacy of expression, 5) produce recombinant proteins in insect larvae, 6) and deliver genes to mammalian cells. 7) BESs typically produce soluble proteins that accumulate within the infected cell or are secreted into the growth medium. 8) However, expression of a foreign protein within the occlusion body has several advantages, including ease of isolation of the recombinant virus and purification of recombinant occlusion bodies (OBs). Fraser et al. (1989) suggested that recombinant OBs can be used to develop vaccines, antigens, biological insecticides, expression vectors, immunoassays, and immobilized enzymes. 9) As an example, recombinant Autographa californica multicapsid nucleopolyhedrovirus (AcMNPV) OBs containing an influenza epitope were immunoprecipitated using an antiinfluenza monoclonal antibody, and stimulated an influenza-specific immune response in rabbits. 10) However, in this study, two of five recombinants did not produce OBs, depending on the number and the location of the epitope amino acids.
As another approach, BESs can be used to produce recombinant polyhedra (occlusion bodies) that incorporate a foreign protein within the polyhedrin (Polh) matrix.
11) Co-expression of the Polh-green fluorescence protein (GFP) fusion protein and native Polh led to the formation of OBs that fluoresced under UV light. This result suggests that an interaction between native Polh and the Polh fusion protein might have contributed to the formation of recombinant polyhedra containing a foreign protein. As further proof of concept, a novel pesticide synthesizing fluorescent and insecticidal polyhedra was produced by transfecting cells with a recombinant virus (ColorBtrus) containing both B. thuringiensis toxin and GFP. 12) BESs can produce large quantities of recombinant proteins, with expression ranging from a few micrograms per liter to hundreds.
13) The most common BES purification method is to use an affinity tag such as a histidine tag (His 6 ), calmodulin-binding peptide (CBP), a FLAG epitope (FLAG), streptactin-binding peptide (Strep), or hemagglutinin (HA) conjugated to a highly soluble protein such as glutathione S-transferase (GST), maltose-binding peptide (MBP), thioredoxin (TRX), or the IgG-binding domain of protein A (ProA). 13, 14) Furthermore, several protease cleavage recognition sites, including an enterokinase, factor Xa protease, thrombin, TEV protease, or PreScission protease site, are usually inserted between the fusion and target proteins to facilitate purification of large fusion proteins. 14) y To whom correspondence should be addressed. Tel: +82-2-880-4706; Fax: +82-2-873-2319; E-mail: btrus@snu.ac.kr
Here, we expressed a translation fusion protein consisting of full-length Polh at the N-terminus and the enhanced green fluorescence protein (EGFP), with a linker and an enterokinase site inserted between Polh and EGFP. This BES promoted the formation of granular structures containing recombinant fusion proteins, which resulted in a significant improvement in purification of the EGFP protein.
Materials and Methods
Bacterial strains and culture. Escherichia coli TOP10 (F À mcrA Á(mrr-hsdRMS-mcrBC) '80lacZÁM15 ÁlacX74 recA1 araD139 Á(ara-leu)7697 galU galK rpsL (Str R ) endA1 nupG) and DH10B (F-mcrA Á(mrr-hsdRMS-mcrBC) '80lacZÁM15 ÁlacX74 recA1 endA1 araD139 Á(ara, leu)7697 galU galK -rpsL nupG) (Invitrogen, Carlsbad, CA) were used in the construction of the polyhedrin fusion vector and the replication of bAcGOZA, the recombinant viral genome. 15) Bacterial cultures were grown in Luria-Bertani (LB) medium.
Cell lines and viruses. Spodoptera frugiperda cell line Sf9 was maintained in TC-100 medium (JBI, Daegu, Korea) supplemented with 10% heat-inactivated (56 C, 30 min) fetal bovine serum (JRH, Nissui, Japan), incubated at 27 C, and sub-cultured every 3-4 d. The wildtype and recombinant AcMNPVs used in this study were propagated in Sf9 cells maintained in TC-100 medium.
Construction of transfer vector. To construct a transfer vector for expression of the polyhedrin (Polh)-fused target protein with an enterokinase cleavage site, the Polh-linker-enterokinase site cassette (PolhEKA) was amplified from AcMNPV genomic DNA using specific primers through two stepwise PCRs. Primers Polh-BglF and Polh-EKA1R were used in the first round, and Polh-BglF and Polh-EKA2R were used in the second round. The amplified Polh-EK linker was digested with BglII and ligated in the BamHI and SmaI sites of pBacPAK9 (Clontech, Mountain View, CA). The transfer vector was named pBac9-PolhEKA (GenBank accession no. GU827641, Fig. 1A ). The EGFP gene was amplified from pEGFP (Clontech, Mountain View, CA) using primers EGFP-F and EGFP-XbaIR, and the XbaIdigested EGFP fragment was inserted between the BoxI and XbaI sites of pBac9-PolhEKA to construct the final transfer vector, pBac9-PolhEKA-EGFP (Fig. 1B) . The linker-enterokinase site is indicated in Fig. 1C . The sequences of all the oligonucleotide primers used to construct the transfer vectors are listed in Table 1 .
Construction of recombinant viruses expressing the polyhedrin-EGFP fusion protein. Recombinant AcMNPVs (AcPolhEKA-EGFP) expressing PolhEKA-EGFP under the control of polyhedrin promoters were constructed by co-transfection of Sf9 cells with pBac9-PolhEKA-EGFP and a defective viral genome, bAcGOZA DNA, which can be maintained in E. coli. 15) Transfection was performed using CellfectinÔ (Invitrogen, Carlsbad, CA) reagent following the manufacturer's instructions, and the recombinant viruses were purified using plaque assays on Sf9 cells, as described previously. 8) As a negative control, recombinant viruses (AcEGFP) expressing EGFP were constructed by co-transfection of pBac8-EGFP, transfer vector for EGFP expression under the polyhedrin promoter of pBacPAK8 (Clontech, Mountain View, CA), and bAcGOZA DNA.
Expression of fusion proteins. Sf9 cells were seeded into 100 mmdiameter tissue culture dishes at a density of 5 Â 10 6 cells/dish and incubated at 27 C for 30 min to allow the cells to attach. The attached cells were washed twice with 10 ml of incomplete TC-100 medium and inoculated with a multiplicity of infection (MOI) of 10 plaque-forming units (PFU)/cell. After incubation at 27
C for 1 h with gentle rocking, the medium was replaced with 10 ml of fresh medium and incubated at 27 C. At 3 d post infection, the infected cells were harvested by centrifugation at 1;000 Â g for 10 min and were used on the day of preparation.
Purification of polyhedrin fusion EGFP from granules. Wild-type and recombinant AcMNPV-infected Sf9 cells (initial cell concentration of 2:5 Â 10 7 at inoculation) were harvested by centrifugation at 1;000 Â g for 10 min, and the cell pellet was resuspended in 5 ml of 10 mM TrisÁCl pH 4 after washing with the same buffer. The sonication step was conducted at output level 3 and cycle duty 30% for 30 s using a Sonifier 450 (Branson, Danbury, CT), and centrifuged at 25;000 Â g for 10 min. The resulting pellet was resuspended in 1 ml of PBS after washing with the same buffer. To digest the Polh-EKA-EGFP fusion protein, EK MaxÔ enterokinase (Invitrogen, Carlsbad, CA) was added at a ratio of 1 U per 30 mg (the amount of total protein in the PBS resuspension) and this was incubated at 37 C for 16 h. The supernatant (EGFP fraction) of this solution was separated by centrifugation at 25;000 Â g for 10 min. The supernatant and pellet samples from the purification steps from cell harvest to enterokinase digestion were collected and analyzed.
SDS-PAGE and measurement of EGFP. The cellular lysates 3 d post infection and the samples collected at the purification steps were analyzed on 12% SDS-PAGE gels and stained with Coomassie Brilliant Blue. The fluorescence of the collected samples was measured using a SPECTRAmax GEMINI XS Microplate Spectrofluorometer (Molecular Devices, Sunnyvale, CA) with an excitation filter of 450 nm and an emission filter of 510 nm. EGFP levels were calculated from the measured relative fluorescence units (RFU) in triplicate.
Results

Expression of granular Polh-EGFP fusion proteins
When we constructed the Polh-fusion vector, we added an enterokinase digestion (EK) site behind Polh for further purification of the target protein. We inserted additional amino acid residues, -(Glu) 6 , -(Asn) 3 , and -(Asp) 2 , between the Polh and EK site as a linker for the EK recognition site, -(Asp) 4 Lys (Fig. 1C) .
The cells infected with recombinant viruses AcEGFP or AcPolhEKA-EGFP were observed at 3 d post infection by fluorescent microscopy ( Fig. 2A) . Virus AcEGFP expressed EGFP in place of polyhedrin under the control of the polyhedrin promoter. As expected, AcEGFP did not produce polyhedra, but EGFP was detected in a soluble form in the nucleus and cytoplasm of the infected cells. The recombinant virus AcPolhEKA-EGFP expressed PolhEKA-EGFP fusion proteins in the nucleus in a granular form, in contrast to the wild-type virus. The cell lysates infected with wild-type AcMNPV and AcEGFP showed the expected protein bands of the 29 kDa polyhedrin and 27 kDa EGFP respectively (Fig. 2B, lanes 2 and 3) , while AcPolhEKA-EGFP expressed approximately 50 kDa fusion proteins showing unstable forms (Lane 4 in Fig. 2B and Fig. 3C ).
Purification of EGFP from PolhEKA-EGFP granules
The fluorescence of cell samples from the various purification steps, were monitored using a UV-transilluminator (Fig. 3A) . The precipitated cells infected with AcEGFP fluoresced brightly, but the fluorescence was almost evenly dispersed throughout the supernatant after sonication. This indicates that the EGFP protein expressed was completely soluble and that EGFP did not precipitate after cell lysis. The cells infected with AcPolhEKA-EGFP showed a bright EGFP fluorescence signal, as seen for AcEGFP. As seen in the sonication step of AcPolhEKA-EGFP (Fig. 3A) , although EGFP was still present after sonication and washing, in the precipitated pellets, in contrast to AcEGFP. During the final purification step of enterokinase digestion, almost all the EGFP was present in the supernatant. The distribution of EGFP in the AcPolhEKA-EGFP-infected cells during each purification step was expressed as the percentages in the supernatant (SUP) and the precipitated pellet (PPT) (Fig. 3B) . During the cell harvest step, EGFP was distributed mainly in the PPT (81.7%). During sonication, EGFP was present in the SUP, but 32% of EGFP was precipitated in granular form. During the final purification step of EK digestion, EGFP was present almost exclusively in the SUP (93.3%). We monitored samples from each purification step by 12% SDS-PAGE (Fig. 3C) . The supernatant after EK digestion showed a relatively pure EGFP band, and the identity of this band was confirmed by protein identification (nano-LC-ESI-IT MS analysis), performed by the Korea Basic Science Institute (Seoul, Korea).
Discussion
The baculovirus expression system is a powerful, versatile tool that can be used to express large quantities of foreign proteins in eukaryotic cells. 16) Our previous study demonstrated co-expression of native Polh and Polh-EGFP fusion, and Polh-EGFP fusion can result in infected cells producing fluorescent polyhedra under UV light.
11) However, the recombinant virus (AcPG) that contained the GFP gene, fused in-frame to the Cterminus of the Polh gene under the control of the Polh promoter, produced granular forms different from the typical polyhedral structure. Formation of the granular structures can occur as a result of interaction between Polh proteins, as seen in the formation of wild-type polyhedral structures, but the granules in AcPG are not as compact as the wild-type polyhedra. Our hypothesis was that if these recombinant granules express the target proteins on the surface, the target protein can easily be purified from the Polh granules by protease digestion. Hence, in this study, we assessed to determine whether if it is feasible to purify target proteins from these granular recombinant protein structures.
When we inserted an enterokinase site between Polh and EGFP, we also inserted the amino acid residues (Glu) 6 , -(Asn) 3 , and -(Asp) 2 upstream of -(Asp) 4 Lys. We reasoned that these residues would help ensure correct folding of the Polh and EGFP protein and make the enterokinase cleavage site accessible. We also inserted a BoxI site (5 0 -GAC NN^NN GTC-3 0 , blunt end) at the 5 0 -end of the multi-cloning site to clone the target gene, because this site (GAC AA-blunt) is translated as an Asp-Lys (EK digestion site) if a single base (A or G) is added to the 5 0 -end of the target gene. Cloning of the target gene into this BoxI sites allows the target protein to be purified without the presence of undesired amino acids in the translated protein. Our purification results (Fig. 3C) indicate that using this approach, enterokinase digestion is efficient, facilitating easy and rapid purification of the EGFP protein from expressed fusion proteins (Polh-EGFP).
In the protein analysis of the purification step (Fig. 3C) , we found that the PolhEKA-EGFP fusion proteins were relatively unstable. Unlike what is shown in Fig. 2 , fusion proteins in the PPT of the cell harvest preparation showed several bands even though the gel running-conditions were different as between Fig. 2B (with MES buffer running) and Fig. 3C (with trisglycine buffer running). In the lane of SUP of the cell harvest, there appeared to be no proteins, but fluorescence was detected (Fig. 3B) . Further, in the SUP after sonification, the fusion proteins showed several 30 kDa bands before enterokinase digestion. These results suggest that there were various unstable forms of fusion proteins during the purification procedure, and that this is a weak point to overcome to increase the final recovery rate of this purification system.
In addition, in the initial harvest of AcPolhEKA-EGFP infected cells, EGFP fluorescence was present Panel A and B, Cells, cell-harvest step; Sonication, centrifugation after sonication; EK treatment, centrifugation after enterokinase digestion; SUP, supernatant; PPT, precipitated pellet. All EGFP photographs were taken on a UV-transilluminator in a dark room. The lines in panel B indicate the shift of EGFP fluorescence from the pellet to the supernatant. The numbers in the columns indicate the relative fluorescence (%) at each purification step. Panel C, The proteins at each step were separated by 12% SDS-PAGE, and the gels were then stained with Coomassie Brilliant Blue. Lane M, protein molecular weight marker; P, PPT; S, SUP; Cell, after cell harvest step; Soni, after sonication step; EK, after enterokinase digestion step. The arrow indicates the purified EGFP protein.
mainly in the precipitated pellet (over 80%). However, after sonication and centrifugation, EGFP (about 68%) was present mainly in the supernatant. This was an unexpected result in view of our hypothesis, and it also affected the final recovery rate of the purified proteins negatively. In the purification procedure, the start volume of the AcPolhEKA-EGFP infected cell culture was 50 ml (initial concentration, 5 Â 10 6 cells/10 ml, 3 d of culture). The amount of EGFP in the initial cells was 588 mg, and the final amount of the purified EGFP in the supernatant after enterokinase treatment was 108 mg based on a standard curve of EGFP amounts. Therefore, the predicted recovery rate for this purification procedure was approximately 18% of the start EGFP proteins. The difference in percentage between of the final purified EGFP amount (18%) and that of the EGFP distribution (24.3% of the start EGFP, Fig. 3B ) must have been caused by losses during the purification steps. The loss of fusion proteins that we observed after sonification might potentially be decreased by modifying the purification procedure by decreasing the sonication time or changing the pH of the buffer. Generally speaking, the structural assembly of protein molecules is affected by the host cell type used for expression and the pH and the salt concentration during cell culture. Specifically, polyhedrins expressed in insect cell lines form occlusion bodies (polyhedra); however, these are normally soluble in alkaline solutions above pH 10. 8) In our study, the fusion proteins may have granulized due to interaction between polyhedrin, which forms polyhedra in insect cells, unlike in E. coli, and EGFP.
In this study, we developed an easy, fast, mass purification system using BES. Polh-EGFP fusion proteins formed granular structures in Sf9 cells and were easily collected by cell harvesting. There was no need to solubilize the recombinant protein, unlike recombinant polyhedra that have to be lysed by alkaline lysis in order for the recombinant proteins to be purified.
11)
The linker residues that we added appeared to facilitate enterokinase digestion, because the supernatant after enterokinase treatment contained most of the fluorescent signal, and a pure, single band was observed on 12% SDS-PAGE (Fig. 3) . Our novel purification procedure comprises three simple steps: (i) harvesting of granules by centrifugation to collect the recombinant protein, (ii) sonication and centrifugation to remove soluble proteins and cell debris, and (iii) enterokinase treatment and centrifugation to separate the target protein from the Polh-granules and insoluble cell debris. This technology can potentially be used to purify other proteins. We are currently exploring the application of this BES and purification procedure to other proteins.
